Four bacteriophages (A 16, CK235, q~ 1.2 and K31) which specifically attack different encapsulated strains of Escherichia coli have been shown to be related to bacteriophage T7 (which is unable to grow on encapsulated hosts). The conclusion that phages A16 and CK235 are related to T7 is based on (i) similarities in the pattern of expression of intracellular phage proteins, (ii) early appearance, in infected host cells, of a phage DNA-specific RNA polymerase and (iii) hybridization (albeit to a low extent) of A16 DNA and of CK235 DNA to T7 DNA. The first two criteria also apply to phages ~bl. 2 and K31 but hybridization of their DNAs with T7 DNA could not be detected. The RNA polymerases of CK235 and A 16 have similar template specificities and the same applies to the RNA polymerases of ~b 1.2 and K3 i. None of the new RNA polymerases can use T7 DNA as template.
INTRODUCTION
Enterobacteria with lipopolysaccharide capsules are lysed by phages which possess specific hydrolases as virion constituents. By means of these particle-bound enzymes the phages tunnel through the thick layer of capsule material until they find the outer membrane where specific adsorption and DNA injection occurs (Lindberg, 1977) . One group of such capsule-specific phages is characterized by an icosahedral head with a diameter of about 60 nm, and a short tail of about 20 nm, to which spikes are attached with sixfold symmetry. These spikes display the capsule-lysing activity (Bessler et al., 1975; Rieger-Hug & Stirm, 1981) . Since this particle morphology is reminiscent of that of the classical coliphage T7 (which, however, does not infect capsulated strains), Korsten et al. (1979) examined two such capsule-specific phages, Klebsiella phage K11, and Citrobacter phage Villi, with regard to their genetic relatedness to T7; they found that indeed the genome structures of T7, K11 and VilII were similar in various respects. The most striking feature was the synthesis, early in infection by K11, and by VilII, of a phagecoded RNA polymerase which recognizes only DNA of the homologous phage as a template. This observation closely corresponds to what is known for phage T7, and thus it was hypothesized that, in spite of the lack of heterologous transcription (i.e. transcription of the DNA of one phage by the RNA polymerase of another), there was a phylogenetic relationship between T7, K11 and Villi. In the meantime Dietz (1985) and Dietz et al. (1985) have confirmed this hypothesis for T7 and K11 by means of base sequence analysis of some segments of K11 DNA and comparison to the corresponding sequences of T7 DNA, as determined by , and to the DNA sequences of T3 (which is related to T7) as determined by Fujisawa & Sugimoto (1983) and by McAllister et al. (1983) . However, so far no capsule-specific Escherichia coli phages have been shown to be related to T7. Considering this, we have investigated a series of phages which specifically lyse one of three different capsule-producing E. coli strains. We did this mainly by (i) comparison, by PAGE and autoradiography, of the phosphate buffer pH 7, with 2 mM-EDTA, 0.3 M-NaC1, and 1~ SDS. One final washing was done in the same buffer without NaC1 and SDS. The air-dried strips were autoradiographed at room temperature without intensifier screens. Dot hybridization. Different amounts (0.1 ~tg, 0.2 ~g, 0.5 ~tg) of unlabelled DNA from each phage were dotted on a nitrocellulose filter sheet. Denaturation, neutralization, drying and pre-hybridization were as described above. The nitrocellulose sheet was then incubated overnight, at 58 °C, in hybridization buffer containing 32p-labelled T7 DNA obtained by nick translation (Maniatis et al., 1975) . Further processing was as described above.
Other procedures. Propagation and purification of phage, and extraction of phage DNA were as previously described (Korsten et al., 1979) . Autoradiographs were scanned at 595 nm, using a Kontron Spectrophotometer (UVIKON 810) with a slit width of 0.1 ram. For molecular weight estimates (Weber & Osborn, 1969) we used as marker proteins the T7 gene products whose molecular weights were reported by .
RESULTS

Screening for T7-like infection strategies by means of PAGE and autoradiography
In total, 16 capsule-specific coliphages were investigated with regard to their patterns of intracellular phage-coded proteins by means of PAGE and autoradiography. The autoradiograms of the gels were searched for bands of early proteins (start of synthesis: about 6 min after infection, at 30 °C) with molecular weights of about 100000. Such bands have been shown to be a strong indication for the synthesis of phage-coded RNA polymerases (Korsten et al., 1979) . Of the 16 phages investigated, four clearly satisfied this criterion ( Fig. 1 ) while the others displayed totally different patterns (not shown).
Homologous and heterotogous phage-directed RNA polymerase activities
In a second step to characterize the capsule-specific coliphages we looked for the appearance, early in infection, of a template-specific RNA polymerase activity within the infected cells. For this, cell-free extracts of host cells infected for various periods of time were used as the enzyme source. In parallel assays we used as templates the DNA ofE. coli (as a control) and the DNA of the phage being investigated. For the four phages coding for an early protein in the mol. wt. range of 95 000 to 105 000 we found a new RNA polymerase activity which, at 30 °C, peaked at about 12 min after infection and which was detected only by use of the DNA of the homologous phage; the DNA of E. coli was totally inactive as template. Cell-free extracts of cells infected by any of the other 12 phages displayed no new RNA polymerase activity. As in the case of T7 (Chamberlin et al., 1970) , the new RNA polymerases were as active in the presence of 20 ~tg/ml rifampicin as in the absence of this antibiotic. The specific RNA polymerase activities within the infected cells (measured as RNA synthesized with the homologous DNA, per ~g protein of cell extract) varied within a factor of 2, as compared to the RNA polymerase activity of T7-infected cells.
In order to characterize further the new RNA polymerases we performed assays with DNAs from heterologous phages as templates. For this, we used the RNA polymerase-inducing capsule-specific coliphages characterized in this study as well as the DNAs of Klebsiella capsule phage K 11 and Citrobacter capsule phage ViIII, described by Korsten et al. (1979) . In addition, we used as templates the well characterized DNAs ofT7 ) and ofT3 (Basu et al., 1984) . As shown in Table 1 the RNA polymerases of all four E. coli capsule-specific phages were inactive on the DNAs of coliphages T3 or T7 (both non-capsule-specific), or the DNAs from Klebsiella capsule phage Kll or Citrobacter capsule phage ViIII. However, the heterologous transcription of q~l. 2 DNA by phage K31 RNA polymerase was nearly identical to the homologous value, and the reverse assay (K31 DNA and q~l. 2 RNA polymerase) showed only a slightly (although reproducibly) diminished activity. The pair A16 and CK235 also showed heterologous transcription; in this case heterologous transcription was clearly less efficient (50 to 70~) than in the homologous systems.
Cross-hybridization of capsule-specific phage DNAs with T7 DNA Although, as postulated earlier (Korsten et al., 1979) , phylogenetic relationships among different phages may be inferred from similarities in the patterns of phage-coded intracellular proteins even in the absence of cross-annealing of the respective nucleic acids, such cross- * Rifampicin-resistant RNA polymerase activity was measured as described by Chamberlin et al. (1970) . As templates, different phage DNAs were used and the activity with the homologous template (RNA polymerase and template DNA from the same phage) taken as the norm (100~) to which heterologous activities refer. A dash indicates a heterologous activity of less than 5 ~ of the homologous one. All values represent averages of at least three assays. a n n e a l i n g , w h e n e v e r observed, is a strong i n d Fig. 3 . Hybridization of various radioactive DNAs with HpaI restriction fragments of bacteriophage T7. A HpaI restriction digest of T7 DNA was divided into six aliquots which were resolved by electrophoresis on an agarose slab and transferred to a nitrocellulose sheet. A strip of it, corresponding to one aliquot, was then incubated with 32p-labelled DNA obtained by nick translation of DNA from (a) T7, (b) T3, (c) K 11, (d) A 16, (e) CK235 and (f) plasmid pZmC 134 (control). Nick translation of all DNAs was under identical conditions. Notice hybridization with bands F-H and G which together cover the whole of gene 1, coding for RNA polymerase (Studier & Rosenberg, 1981) . [Due to a small deletion, fragments F and H are fused in our T7 reference type (Studier, 1979).] these D N A s to be about 35 ~ and 8 ~ homologous to T7, respectively. The somewhat aberrant intensities on row d of Fig. 2 were probably due to the non-homogeneous distribution of the D N A baked on the nitrocellulose.]
i c a t i o n of relatedness. Thus, we c h e c k e d for heterologous h y b r i d i z a t i o n , w i t h T7 D N A , of the D N A s of t h e p h a g e s i n v e s t i g a t e d here. As a first step we m o n i t o r e d overall h y b r i d i z a t i o n by d o t t i n g different a m o u n t s of p h a g e D N A o n nitrocellulose filters u n d e r d e n a t u r i n g conditions, followed by i n c u b a t i o n w i t h r a d i o a c t i v e nickt r a n s l a t e d T7 D N A . T h e filters were t h e n w a s h e d a n d a u t o r a d i o g r a p h e d . A s s h o w n in
A. D I E T Z A N D OTHERS
Those phage D N A s which to some degree hybridized with T7 D N A were then analysed in more detail against individual T7 HpaI restriction fragments. The aim of this was to estimate the relative degree of base sequence homology with respect to the genome regions covered by these fragments. The relative efficiencies of hybridization of different phage D N A s with specific T7
HpaI fragments (Fig. 3) were evaluated semi-quantitatively by means of scann;.ng profiles (not shown). This confirmed the impression from Fig. 3 , that in some instances there were clear differences in the extent of base sequence homology to T7 along the genomes of the phages investigated here and that the genome segments with a maximum or a minimum of D N A homology to corresponding T7 segments are different for each phage. (For instance, compare the relative intensities of bands B and C, or K and L.)
DISCUSSION
Of the four capsule-specific coliphages for which we here describe a new phage-coded RNA polymerase activity, CK235 and A16 are certainly related to T7 since they show a low but definite base sequence homology with many fragments of T7 DNA, including in particular the gene 1 fragments (F-H and G). Moreover, phage-encoded 95K to 105K polypeptides appear early in cells infected with CK235 and A16, with the same kinetics of synthesis as the 98-1K T7 RNA polymerase . It seems obvious that these are responsible for the new phage-coded RNA polymerase activities which we have demonstrated.
In the case of phages q~l. 2 and K31, where no base sequence homology with T7 could be detected, and where the electrophoretic patterns of intracellular phage-coded proteins differ more from T7 than those of CK235 or A16 do, the circumstantial evidence for associating the new RNA polymerase activities with the bands of the early 95K proteins is not as straightforward as for CK235 and A16. It is still strong, however, in view of the fact that there are only two or three other protein' bands appearing early enough to account possibly for the early RNA polymerase activity, and these bands have such low molecular weights (see Fig. 1 ) that it is difficult to imagine their being endowed with such a complex property as a highly template-specific RNA polymerase activity. [These early proteins, however, are good candidates for being homologous with the products for gene 0.3 (anti-restriction protein, mol. wt. 13 700), or gene 0.7 (protein kinase, mol. wt. 41000) of T7 (see ).] The fact should also be considered, that in the 12 other capsule phages where no new RNA polymerase was detected, no early phage-coded polypeptides in the mol. wt. range 80K to 120K were synthesized. The lack of detectable base sequence homology between ~b 1.2 and K31 on the one hand, and T7 on the other, although indicating that the first two phages are not closely related to the latter, is by no means an argument against a common ancestry of all three phages, since nucleotide sequences may diverge very extensively without corresponding amino acid substitutions (e.g. Yanofsky & Van Cleemput, 1982) . Considering the similarities between ~b 1.2 and K31 with regard to the patterns of intracellular proteins and with regard to the template specificity of their RNA polymerases, there can be no doubt, however, that in spite of their totally different host ranges (no host range mutants of either phage for the host of the other could be found), phages ffl.2 and K31 are related; the same applies to A16 and CK235.
One crucial problem refers to the evolution of different promoter specificities of T7-related RNA polymerases from one common ancestor. In the case of T7 and T3 it has been shown that the differences in template specificity of their RNA polymerases lie in only three or four base changes in the corresponding 'late' (i.e. phage RNA polymerase-specific) promoters (McAllister et al., 1983; Basu et al., 1984) . A similar observation has been made by Dietz (1985) who showed that the K 11-specific RNA polymerase recognizes a promoter which differs by only three bases from the consensus sequence of T7 promoters and by four bases from the consensus sequence of T3 promoters (nevertheless, K 11 RNA polymerase will not transcribe T3 and it transcribes T7 DNA very poorly; see Table 1 ). Thus, one has to postulate a divergent co-evolution of RNA polymerases and promoter sequences in order to explain the differences in template specificities found today among the expanding variety of T7-related phages. In the course of evolution, deleterious mutations in enzyme specificities were obviously not lost by selection so fast as to preclude adaptive promoter mutations, and vice versa. As shown in Fig. 3 , fragments H-F and G which together cover the whole of gene 1, coding for RNA polymerase (Studier & Rosenberg, 1981) , show a fairly pronounced homology with all heterologous DNAs. This indicates that in spite of different promoter specificities of the polymerases, the corresponding genes have remained relatively conserved. This is in agreement with Hyman et al. (1974) who in a comparison between T3 and T7 observed a high sequence homology in gene 1.
The molecular basis of differences in promoter recognition by phage RNA polymerases is not yet understood. However, since these RNA polymerases are relatively simple (they consist of only one polypeptide), and since intragenic recombination of genes coding for RNA polymerases with different specificities occurs (Hausmann & Tomkiewicz, 1976) , there is a promising possibility for investigating that question. (The available range of genetically related capsule phages offers a further opportunity for studies on the evolution of enzymes, namely the
